We have carried out a comprehensive study of the intrinsic anomalous Hall effect and spin Hall effect of several chiral antiferromagnetic compounds, Mn3X (X = Ge, Sn, Ga, Ir, Rh and Pt) by ab initio band structure and Berry phase calculations. These studies reveal large and anisotropic values of both the intrinsic anomalous Hall effect and spin Hall effect. The Mn3X materials exhibit a non-collinear antiferromagnetic order which, to avoid geometrical frustration, forms planes of Mn moments that are arranged in a Kagome-type lattice. With respect to these Kagome planes, we find that both the anomalous Hall conductivity (AHC) and the spin Hall conductivity (SHC) are quite anisotropic for any of these materials. Based on our calculations, we propose how to maximize AHC and SHC for different materials. The band structures and corresponding electron filling, that we show are essential to determine the AHC and SHC, are compared for these different compounds. We point out that Mn3Ga shows a large SHC of about 600 ( /e)(Ω · cm) −1 . Our work provides insights into the realization of strong anomalous Hall effects and spin Hall effects in chiral antiferromagetic materials.
I. INTRODUCTION

The anomalous Hall effect (AHE)
1 and spin Hall effect (SHE) 2 are very important members of the family of Hall effects. The AHE is characterized by a transverse voltage generated by a longitudinal charge current usually in a ferromagnetic (FM) metal. The AHE can be generalized to the case of the SHE in nonmagnetic materials in which Mott scattering 3 leads to the deflection of spin-up and -down charge carriers in opposite directions, owing to spin-orbit coupling (SOC), as illustrated in Fig. 1 . Thus, a longitudinal charge current can generate opposite spin accumulations along opposing edges in the transverse direction to the current. On the contrary, a spin current can also induce a transverse voltage drop, in an effect called the inverse SHE. Both the AHE and SHE are of particular interest for spintronic applications [4] [5] [6] (and references therein) in which spin currents can be used to manipulate magnetic moments, for example, switching the state of magnetization of magnetic nano-elements, or for inducing the very efficient motion of domain walls 7, 8 . Thus, the SHE has recently attracted much attention by both experimentalists and theorists, and there has been widespread efforts to search for candidate materials that exhibit strong AHE or SHE.
The AHE and SHE originate from the electronic and magnetic structures of materials and have both extrinsic and intrinsic origins. Extrinsic contributions depend sensitively on impurity scattering while intrinsic effects are derived from properties of the band structure. It is the intrinsic AHE and SHE that are the subject of this article. For the AHE of an ordinary collinear ferromagnet, it has been established that the Berry curvature, a quantity closely determined by the band structure, acts as a fictitious magnetic field in momentum space, that is derived from the magnetization and SOC, and affects the charge motion in the same way as a real magnetic field 9 . In a collinear AFM, it is not surprising that the AHE vanishes due to the spin-up and -down conduction electron symmetry, or rather the existence of a symmetry by combining a time-reversal symmetry operation and a lattice translation. In a chiral ferromagnet where magnetic moments are tilted in a lattice, it was recently found that the aforementioned fictitious magnetic field can also be generated by the scalar spin chirality 10, 11 , S i · (S j × S k ) (S i,j,k denote three non-coplanar spins), which does not necessarily involve SOC. When an electron makes a loop trajectory in a chiral FM lattice, the electron acquires a real-space Berry phase due to double exchange interactions with the chiral lattice spins. The corresponding AHE has been referred to as a so-called real-space topological Hall effect in the literature (e.g. 12 ). In a chi-ral AFM in which the magnetic moments are coplanar, the topological Hall effect disappears because of the zero spin chirality. However, an AHE can still exist due to a nonzero Berry curvature induced by the SOC 13 . Indeed, a strong AHE was recently observed in the chiral AFM compounds Mn 3 Sn and Mn 3 Ge [13] [14] [15] [16] . In principle, the SHE exists generically in systems with strong SOC. It has been studied in nonmagnetic [17] [18] [19] [20] as well as antiferromagnetic [20] [21] [22] [23] [24] metals. Very recently, a strong SHE was experimentally discovered in another chiral AFM compound Mn 3 Ir 25 . Therefore, chiral AFM materials are appealing candidates for finding significant AHE and SHE. They have also stimulated the search for Weyl points in the same family of materials 26 and exotic magneto-optical Kerr effect 27 . In this work, we have performed a comprehensive study of the intrinsic AHE and SHE of the compounds Mn 3 X (X = Ge, Sn, Ga, Ir, Rh and Pt), using ab initio Berry phase calculations. These compounds exhibit a chiral AFM order well above room temperature (see Table I ). This article is organized as follows. We first introduce the ab initio method and the linear-response method that we have used to compute the AHE and SHE in Sec. II. We then discuss the relationship of the symmetry of the crystal lattice and magnetic lattice to the SHC and AHC in Sec. III. In Sec. IV, we discuss the results of our calculations with the assistance of symmetry analysis, where the Mn 3 X compounds are classified into two groups according to their crystal and magnetic structures. Finally, we summarize our results in Sec. V.
II. METHODS
The anomalous Hall conductivity (AHC) and spin Hall conductivity (SHC) characterize the AHE and SHE, respectively. In addition, the spin lifetime and related spin manipulation methods are important ingredients for the SHE device applications, but these aspects are beyond the scope of the current study. The AHC and SHC have been calculated using the Berry phase that we have determined from ab initio band structures. Density-functional theory (DFT) calculations were performed for the Mn 3 X bulk crystals with the Vienna Ab − initio Simulation Package (vasp) 28 within the generalized gradient approximation (GGA) 29 . The SOC was included in our calculations. The material-specific Hamiltonians were established by projecting the DFT Bloch wave functions onto maximally localized Wannier functions (MLWFs) 30 . Based on these tight-binding Hamiltonians, that include realistic material parameters, we have calculated the intrinsic AHC and SHC by using the Kubo formula approach within the linear response 1,2,9,31 . The AHC (σ αβ ) is obtained from
] is the velocity operator with α, β, γ = x, y, z;r α is the position operator. f n ( k) is the Fermi-Dirac distribution. |u n ( k) > and E n ( k) are the eigenvector and eigenvalue of the HamiltonianĤ( k), respectively. Ω n ( k) is the Berry curvature in momentum space, and the corresponding AHC σ αβ can be evaluated by summing the Berry curvature over the Brillouin zone (BZ) for all the occupied bands. Here σ αβ corresponds to a 3 × 3 matrix and indicates a transverse Hall current j α generated by a longitudinal electric field E β , which satisfies J α = σ αβ E β . For the evaluation of the velocity operator we assume for simplicity that the position operator is diagonal in the Wannier basis, as is commonly done in tight-binding calculations. The intrinsic SHC can be obtained by replacing the velocity operator with the spin current operatorĴ γ α = 1 2 {v α ,ŝ γ }, whereŝ γ is the spin operator. The SHC then has the form of
Ω γ n,αβ ( k) is referred to as the spin Berry curvature in the following, in order to distinguish it from the Berry curvature Ω n ( k). The SHC (σ γ αβ ; α, β, γ = x, y, z) is a third-order tensor (3 × 3 × 3) and represents the spin current Js γ α generated by an electric field E via Js /2 is the spin angular momentum and e is the electron charge. Thus, the unit of SHC is ( /e)(Ω · cm) −1 . Since AHC and SHC are determined directly by the band structure, they are fully compatible with the symmetry of the Hamiltonian. Therefore, we can use symmetry analysis to simplify the shape of the AHC and SHC tensor matrices, by forcing certain matrix elements to be zero and constraining some to be the same. Here, we obtain the shape of the intrinsic response tensor from the Linear-Response-Symmetry code 32, 33 , which analyzes the symmetry operations of the corresponding crystal and magnetic space groups 34 and then determines the tensor shape by solving the linear equations. We note that a similar study 35 also recently considered how the shape of the tensor response varied according to the magnetic Laue group. The shape of the AHC and SHC tensors are shown in Table II . These are very helpful in checking the validity and numerical convergence of our calculations by comparing the symmetry of the calculated matrices and the ideal symmetry-imposed matrices. Furthermore, the tensor shape surely relies on the coordinate system that is specified in the next section. The AHC and SHC tensors can be expressed in different coordinate systems, which are physically equivalent, and can be transformed into each other according to specific rotation matrices 36 .
III. CRYSTALLOGRAPHIC AND MAGNETIC STRUCTURES
The compounds considered here can be classified into two groups according to their crystallographic structure. Mn 3 Ga, Mn 3 Ge and Mn 3 Sn display an hexagonal lattice with the space group P 6 3 /mmc (No. 194). The primitive unit cell includes two Mn 3 X planes that are stacked along the c axis according to "-AB-AB-". Each structure contains plane of Mn atoms that constitute a Kagome-type lattice with Ga, Ge or Sn lying at the center of a hexagon formed from the Mn atoms. In the Kagome plane due to magneto-geometrical frustration, the Mn magnetic moments exhibit a non-collinear AFM order, where the neighboring moments are aligned at a 120
• angle [37] [38] [39] . The energetically favored AFM configuration was revealed, as illustrated in Fig. 2a , in earlier DFT calculations 40 . The magnetic ordering temperatures are above 365 K for all these three compounds, as shown in Table I . Additionally, Mn 3 Ga and Mn 3 Ge can also crystallize into a tetragonal phase with a ferrimagnetic structure 37, 38, 41 , which is not considered in this work. Mn 3 Rh, Mn 3 Ir and Mn 3 Pt crystallize in a facecentered cubic (FCC) lattice (space group P m3m, No. 221) with Ir (Rh, Pt) and Mn located at the corner and face-center sites, respectively, as shown in Fig. 2b . Within the (111) plane, the Mn sublattice also form a Kagome lattice. In contrast to that of Mn 3 Ge, the Kagome planes stack in an "-ABC-ABC-" sequence. The non-collinear AFM structure has also been observed by neutron diffraction measurements [42] [43] [44] . Distinct from Mn 3 Ge, here the magnetic moments all point towards or away from the center of the Mn triangles. The AFM order also persists to well above room temperature. (see Table I ). The AHC σ αβ can be understood by a consideration of the symmetry of the magnetic structure. As indicated in Fig. 1a there is a mirror planeM y that is parallel to the zx plane. By combining a mirror reflection about this plane and a translation operation along the c directionτ = (0, 0, c/2), the system is imaged back onto itself with the same crystallographic and magnetic structures. Therefore, the magnetic structure in Mn 3 Ga, Mn 3 Ge and Mn 3 Sn is symmetric with respect to the {M y |τ } symmetry operator. The mirror operationM y changes the signs of Ω yz ( k) and Ω xy ( k), but preserves Ω zx ( k), since Ω αβ ( k) is a pseudovector, just like the spin. Accordingly, σ yz and σ xy that are parallel to the mirror plane are transformed to −σ yz and −σ xy , with respect to theM y reflection (the translation operation does not affect the Berry curvature). Thus, from symmetry considerations, σ yz and σ xy must be zero, and only σ zx can be nonzero. We therefore propose that the preferred experimental setup for maximizing AHC is to confine the electric field within the zx plane, for example, by setting the electric current along z and detecting the transverse voltage along x.
Our calculations are fully consistent with the above symmetry analysis, as shown in Table II , where only σ zx (σ xz = −σ zx ) is nonzero. The AHC of Mn 3 Ge is as large as 330 (Ω · cm) −1 . Although Mn 3 Sn has a stronger SOC than Mn 3 Ge, its AHC is less than half that of Mn 3 Ge. Mn 3 Ga exhibits the smallest AHC and, moreover, the AHC has the opposite sign to those of the Ge and Sn compounds. This is fully consistent with recent experiments on the Ge and Sn compounds 15, 16 , where the inplane AHC (σ xy ) is negligible compared to the out-ofplane AHC (σ zx and σ yz ), and Mn 3 Sn displays a smaller AHC in magnitude than Mn 3 Ge. We note that σ zx and σ yz may be both nonzero if a different coordinate axis is chosen or the chiral moments are rotated by an external magnetic field.
Since the intrinsic AHE originates from the electronic band structure, we analyzed the band structure in detail to understand the differences among these three compounds. Their calculated band structures are shown in Fig. 3 .
2 ), respectively, the band structure of Mn 3 Ga looks very similar to that of Mn 3 Ge (Mn 3 Sn). The Fermi level is shifted up by 0.34 eV (equivalent to adding one electron). Correspondingly, the shapes of the energy-dependent AHC curves for Mn 3 Ga and Mn 3 Ge (Mn 3 Sn) are also very similar. The value of σ zx in Mn 3 Ga changes sign from negative to positive after tuning up the Fermi level.
Atomic Ge and Sn have similar valence electron configurations while Sn has a larger atomic radius and stronger SOC compared to Ge. Although the consequent changes in the band structures are subtle (see Fig. 3 ), the effect on the resultant AHC can be significant. To better understand the AHE in Mn 3 Ge and Mn 3 Sn, we considered the distributions of the Berry curvature in the reciprocal space. We have projected the Berry curvature components of Ω zx onto the k 3 -k 1 (k z -k x ) plane by in- Fig. 1(a, b) . The AHC is given in units of (Ω · cm) −1 and the SHC in units of ( /e)(Ω · cm) −1 . ) and its three partners in the k 3 -k 1 plane, while these four hot spots are not seen in Mn 3 Sn. Taking the hotspot at (0.127, 0.428) as an example, we have checked the band structure and corresponding Berry curvature evolution with k 2 varying from 0 to 1. From the band structure of Mn 3 Ge in Fig. 4(c) we can see that the Fermi level crosses two small gaps around k 2 =0 and 0.5. According to Eqn. 1, the entanglement between occupied and unoccupied states must be very strong around these two points and contributes to a large Berry curvatures, as indicated by the two peaks in Fig. 4(e) . This is fully consistent with previous calculations on Mn 3 Ge 16 . Mn 3 Sn has a similar band structure along the same kpath, as can be seen by comparing Fig. 4(c) and (d) , whereas the band gaps around k 2 =0 and 0.5 are much larger compared to that in Mn 3 Ge. Consequently, the two Berry curvature peaks disappear in Mn 3 Sn, as shown in Fig. 4(f) . Thus, a tiny changes in band structure can result in significant changes in the Berry curvature and AHC in this class of compounds.
AHC
B. Spin Hall Effect in Mn3Ga, Mn3Ge and Mn3Sn
By adding the spin degree of freedom, the SHC becomes a third-order tensor. Similar to the AHC, some SHC tensor elements will be exactly zero or will be identical based on the corresponding lattice and magnetic symmetries. The magnetic space group for Mn 3 X (X=Ga, Ge and Sn) is identified to be R3m and the corresponding Laue group is m m m 34 . The calculated shape of the intrinsic SHC tensor and corresponding numerical results are presented in Table II . Furthermore, the SHC of Mn 3 X (X=Ga, Ge and Sn) is strongly anisotropic with dominant components of σ z xy and σ z yx . These results will provides helpful information for the experimental detection of the SHE. To illustrate the anisotropy of the SHC, we show the angle-dependent SHC for Mn 3 Ge in Fig. 5 . When the charge current J is fixed along x-axis (a direction) and by considering the spin current Js perpendicular to J and rotating it, the corresponding magnitude of SHC is maximal for Js||y while being zero for Js||z. Therefore, to observe large SHC, one should set the charge current and spin current inside the Kagome (xy) plane, for example with the electron current set along x and by measuring the transverse spin current along y with its spin polarization along z. Therefore, we stress that for optimizing the efficiency of devices that rely on SHE and AHE, the direction of the charge current and the resulting spin current will depend on the respective compound. der, the shapes of the SHC curves are very similar, if we ignore the fact that Ga has one electron less than either Ge or Sn. For Mn 3 Ga, the SHC exhibits a minimum at the Fermi level, the charge neutral point, and increases quickly if the Fermi level moves up or down. Hence an even larger SHC is expected for Mn 3 Ga with small electron or hole doping. One can see that the SHC remains relatively stable with respect to varying the Fermi level in the energy window of ± 0.1 eV for Mn 3 Ge and Mn 3 Sn. Thus indicates that the SHC in the Ge and Sn compounds is robust.
Since the spin Berry curvature is distinct from the Berry curvature, the SHC and AHC can have dominant contributions from different electronic bands. Although Mn 3 Ge and Mn 3 Sn display very different AHCs in mag- Table II. The above positive-negative spin Berry curvature distribution is reminiscent of the similar feature of the SHE around Weyl point, where positive and negative spin Berry curvature appear with the Weyl point as the transition point 26 . In fact Weyl points also exist in Mn 3 Ge and Mn 3 Sn, however, the spin Berry curvature transition point in Fig. 6 does not exactly overlap with the Weyl point. A careful inspection of the band dispersions along k 2 through these hot spots reveals tiny band gaps that contribute to the peaks of the spin Berry curvature, as shown in Figs. 6 (e) and (f) . Therefore, the intrinsic SHC mainly arises from the small band gaps lying very close to the Fermi level. In the cubic lattice of Mn 3 Rh, Mn 3 Ir and Mn 3 Pt, there are three mirror planes that intersect the crystallographic [111] axis and which are related to each other by a threefold rotation. The mirror reflectionM preserves the lattice symmetry but reverses all spins in the Kagome plane. Since time-reversal symmetryT can also reverse spins, the combined symmetry of time-reversal and mirror symmetry,TM is the symmetry of the system.TM forces the out-of-mirror-plane AHC components to be zero, since the out-of-plane Berry curvature is odd with respect tô T but even with respect toM . Given the existence of the three mirror planes, the only nonzero AHC component is along the co-axis of these three planes, i.e. the [111] axis. For the convenience of the symmetry analysis, we used coordinates with z along the [111] direction and x, y within the Kagome plane (see Fig. 1 ).
Our numerical calculations are again consistent with the symmetry analysis. The AHC for Mn 3 Ir can reach σ xy = 312(Ω · cm) −1 with the electric field lying in the (111) plane, as presented in Table III −1 , as shown in Fig. 7(h) .
The magnetic space group for Rh, Ir and Pt compounds is Am m m2, from which we can obtain the symmetry of the SHC tensor. As shown in Table III , there are only four independent nonzero elements. Our numerical calculations fit the symmetry-imposed tensor shape very well, as shown in Table III . The largest SHC tensor elements are σ shows a longitudinal spin current Js induced by a charge current J along the same direction. Such a longitudinal spin current is common in FM metals where conduction electrons are naturally spin-polarized. However, it is interesting that these three AFM compounds can generate a similar spin current, which may promise novel spintronic applications. In previous experiments on Mn 3 Ir 25 , the spin current was measured in two cases where the charge current was fixed along the [110] crystallographic direction (i.e. x axis of the current work), Js along the [111] (i.e. z axis) direction and the [001] direction. The former case was found to exhibit a much smaller SHE than the latter one. Therefore, we calculate the angle-dependent SHC by fixing J||x and rotating Js in the yz plane for Mn 3 Ir, as shown in Fig. 8 . One clearly sees that the SHC is only 7 ( /e)(Ω · cm) −1 for the former case (θ = 0 • ) and 215 ( /e)(Ω · cm) −1 for the latter case (θ = 144.7
• ). Similar to the AHC, the peak values of σ x xx and σ x yz also appear around 50 meV above the charge neutral point for Mn 3 Rh and Mn 3 Ir, while their σ z xy is quite small. In contrast, the Fermi-energy-dependent AHC of Mn 3 Pt shows a similar shape to that of the Rh and Ir compounds but the corresponding Fermi energy should be upshifted by one additional electron, as shown in Fig. 7(i) . Thus, it is not surprising that σ the charge neutral point for Mn 3 Pt.
V. SUMMARY
In summary, we have studied the intrinsic AHE and SHE in the non-collinear AFM compounds Mn 3 X (X =Ge, Sn, Ga, Rh, Ir, and Pt) by ab initio calculations. Large AHC and large SHC are found for these materials, which are also highly anisotropic and in agreement with recent experimental measurements. Such an anisotropy is closely related to the symmetry of the AFM Kagome lattice, which can be helpful in rationalizing the numerical results. Based on our calculations, we have proposed the optimal experimental setups to maximize the AHE and SHE for different systems, as shown in Table IV. Although the SOC magnitude increases from Rh, to Ir and to Pt, the magnitude of the corresponding AHC and SHC do not follow the same trend. This is also true for the Ga, Ge, and Sn compounds. This indicates that the electron filling and the detailed band structures are essential in determining the magnitude of the AHE and SHE. We point out that the largest SHC attains a value of around 600 ( /e)(Ω · cm) −1 in Mn 3 Ga. Our work provides insights in the interpretation and realization of a strong AHE and SHE in chiral AFM materials. 
